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Introduction {#pro3080-sec-0001}
============

Pre‐mRNA splicing occurs in the nucleus through two successive *trans*‐esterification reactions, in which the U2 small nuclear ribonucleoprotein (snRNP) binds to the branch point sequence in pre‐mRNA for the formation of the active center of splicing machinery.[1](#pro3080-bib-0001){ref-type="ref"}, [2](#pro3080-bib-0002){ref-type="ref"} The recognition of the branch point sequence involves splicing factor 3b (SF3b) protein complex, which is an essential component of the U2 snRNP.[3](#pro3080-bib-0003){ref-type="ref"}, [4](#pro3080-bib-0004){ref-type="ref"}, [5](#pro3080-bib-0005){ref-type="ref"}, [6](#pro3080-bib-0006){ref-type="ref"}, [7](#pro3080-bib-0007){ref-type="ref"}, [8](#pro3080-bib-0008){ref-type="ref"} In human, SF3b is a large protein complex composed of seven proteins: SF3b155, SF3b145, SF3b130, SF3b49, SF3b14b, SF3b10, and p14.[4](#pro3080-bib-0004){ref-type="ref"}, [5](#pro3080-bib-0005){ref-type="ref"}, [8](#pro3080-bib-0008){ref-type="ref"}

The SF3b49 protein interacts with the SF3b145 protein, forming a protein complex that is thought to play a role in tethering U2 snRNP to the branch site.[3](#pro3080-bib-0003){ref-type="ref"}, [5](#pro3080-bib-0005){ref-type="ref"} Human SF3b49, composed of 424 amino acid residues, contains two consecutive RNA recognition motif (RRM) domains (first RRM domain \[RRM1\] for residues 15--86 and RRM2 for residues 102--174), while human SF3b145, composed of 895 residues, contains two domains of unknown function and structure, according to the Pfam database \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(A)\]. One of the human SF3b145 domains is DUF382 (domain of unknown function, residues 549--597) and the other is the PSP domain (proline‐rich domain, residues 605--657), a domain type often found in spliceosome‐associated proteins \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(A)\]. The region including DUF382 and PSP is termed the Cus1 domain. The sequence and domain architecture of both SF3b49 and SF3b145 are well conserved among eukaryotes ranging from yeast to human \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(B,C)\].

![Primary structures of two SF3b component proteins: SF3b49 and SF3b145. (A) Schematic diagrams of human SF3b49 (upper) and SF3b145 (lower). SF3b49 has two RRM domains, RRM1 and RRM2, while SF3b145 has two well‐conserved domains of unknown function, DUF382 and PSP. In the yeast counterparts, the successive regions underlined in orange and green are supposed to interact with SF3b49 RRM1. (B) Multiple sequence alignment of the RRM1 of SF3b49 proteins from various eukaryotes. The SF3b49 sequences from *Homo sapiens* (H.s., UniProt accession No. Q15427), *Gallus gallus* (G.g., H9L019), *Xenopus laevis* (X.l., Q7ZX30), *Danio rerio* (D.r., Q6NWB3), *Caenorhabditis elegans* (C.e., Q09442), *Schizosaccharomyces pombe* (S.p., O14102), and *Saccharomyces cerevisiae* (S.c., Q99181) were aligned with ClustalX.[9](#pro3080-bib-0009){ref-type="ref"} Alignments are colored as follows: cyan: glycine (G) and proline (P); white: hydrophobic amino acids (A, V, L, I, M); red: negatively charged amino acids (D and E); blue: positively charged amino acids (K and R); green: aromatic amino acids (F, Y, W); and orange: hydroxyl and amine amino acids (S, T, N, Q, H, C). Secondary structure elements of the RRM1 structure determined in this study are depicted with cyan arrows (β‐sheet) and red boxes (α‐helix). The conserved signature sequences of RNP1 and RNP2 are indicated by the boxes. Asterisks indicate the amino acid residues shown in this study to interact with SF3b145. (C) Alignment of sequences of the putative SF3b145 region interacting with SF3b49 RRM1. The orange and green lines above the sequences correspond to those shown in (A). The sequences from *H. sapiens* (H.s., Q13435), *X. laevis* (X.l., Q52KT1), *S. pombe* (S.p., Q9UUI3), and *S. cerevisiae* (S.c., Q02554) were aligned with ClustalX.[9](#pro3080-bib-0009){ref-type="ref"} Asterisks indicate the amino acid residues shown in this study to interact with SF3b49.](PRO-26-280-g001){#pro3080-fig-0001}

An *in vitro* systematic evolution of ligands by exponential enrichment system showed that SF3b49 from *Caenorhabditis elegans* possesses specific RNA‐binding activity that resides in RRM2, but not or rarely in RRM1.[10](#pro3080-bib-0010){ref-type="ref"} Additionally, yeast two‐hybrid screening and pull‐down assays showed that RRM1 of Hsh49 protein (yeast orthologue of human SF3b49) binds to the Cus1 domain of Cus1 protein (yeast orthologue of human SF3b145).[11](#pro3080-bib-0011){ref-type="ref"}, [12](#pro3080-bib-0012){ref-type="ref"} Thus, SF3b49 RRM1 is considered to be required for the interaction with SF3b145. However, no further detailed information about SF3b49 RRM1 interactions, particularly in humans, have been reported.

An RRM domain is one of the most abundant protein domains in eukaryotes and was first identified as the protein module that plays important roles in sequence‐specific RNA binding.[13](#pro3080-bib-0013){ref-type="ref"} The canonical RRM domain consists of a four‐stranded antiparallel β‐sheet packed against two α‐helices with a β1‐α1‐β2‐β3‐α2‐β4 topology.[14](#pro3080-bib-0014){ref-type="ref"} It contains two well‐conserved consensus sequences termed RNP1 (\[K/R\]‐G‐\[F/Y\]‐\[G/A\]‐\[F/Y\]‐\[I/L/V\]‐X‐\[F/Y\]) and RNP2 (\[I/L/V\]‐\[F/Y\]‐\[I/L/V\]‐X‐N‐L), which are included in the β3 and β1 strands, respectively.[15](#pro3080-bib-0015){ref-type="ref"}, [16](#pro3080-bib-0016){ref-type="ref"} The RRM domain typically interacts with RNA on its β‐sheet surface through specific intermolecular hydrogen bonds and stacking interactions mediated by the conserved and exposed aromatic rings located on the β1 and β3 strands.[17](#pro3080-bib-0017){ref-type="ref"} However, several RRMs have since been revealed to function as protein--protein interaction modules.[18](#pro3080-bib-0018){ref-type="ref"} Some RRMs interact with a protein via the β‐sheet surface, as in the case of RNA recognition, while others interact via the opposite α‐helical surface. For example, among splicing factors, the RRM domain of p14, a component of the SF3b complex, is classified into the former group and that of the small subunit of U2 snRNP auxiliary factor (U2AF35) is classified into the latter. The RRM domains of both types have characteristic amino acid residues required in the protein--protein interaction. The interaction with p14 RRM involves Gly and Thr laying side‐by‐side in β2 and β3, respectively, and Ile and Val laying side‐by‐side in β1 and β3, respectively; this combination of four residues is unique to the p14 RRM.[19](#pro3080-bib-0019){ref-type="ref"}, [20](#pro3080-bib-0020){ref-type="ref"} In contrast, the U2AF RRM is classified into a novel class of protein recognition motif, and this unusual RRM is termed U2AF homology motif (UHM). The UHM family proteins always have a D/E‐X‐X‐D/E motif in α1 and a R/K‐W/X‐F motif in the region followed by α2.[21](#pro3080-bib-0021){ref-type="ref"} However, the RRM1 of SF3b49 has none of the characteristic amino acid residues or motifs that have been previously identified as being required for RRM--protein interaction.

In this study, using multidimensional NMR spectroscopy, we solved the solution structure of the human SF3b49 RRM1 and examined its mode of interaction with a fragment of human SF3b145. Intermolecular NOE and mutational analyses indicated a limited number of residues crucial for this interaction, which led to the establishment of a model of docking between the RRM domain and the fragment. Our findings also reveal a novel mode of interaction with SF3b49 RRM1 in that, on binding, part of the SF3b145 fragment adopts a helical structure and contacts an α‐helix of the RRM domain.

Results {#pro3080-sec-0002}
=======

Structure determination of human SF3b49 RRM1 {#pro3080-sec-0003}
--------------------------------------------

Chemical shift assignments for human SF3b49 RRM1 were performed by standard methods using a combination of triple resonance NMR experiments. All of the main‐chain chemical shifts, except for Gly55 and 90.9% of the side‐chain chemical shifts, were assigned in residues Thr14--Lys88 of SF3b49 RRM1. We solved the solution structures using NOE distance restraints obtained from ^15^N‐ and ^13^C‐edited NOESY spectra.

The structure calculations were performed using CYANA 2.0.17.[22](#pro3080-bib-0022){ref-type="ref"} An average of 25 restraints per residue were utilized for these calculations (Supporting Information Table S1). The structure composed of Thr14--Lys88 was well defined by the NMR data (Supporting Information Table S1 and Fig. S1). SF3b49 RRM1 adopts a canonical RRM fold with the topology of βαββαβ \[Fig. [2](#pro3080-fig-0002){ref-type="fig"}(A)\].[13](#pro3080-bib-0013){ref-type="ref"} Residues Thr14--Gly18 (β1), Val39--His43 (β2), Tyr56--Phe61 (β3), and Arg85--Lys88 (β4) constitute a four‐stranded antiparallel β‐sheet \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(B)\]. Helix 1 (α1, Glu26--Phe33) and helix 2 (α2, Glu64--Met74) connect β1--β2 and β3--β4, respectively \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(B)\]. An electrostatic potential surface of SF3b49 RRM1 is also shown in Figure [2](#pro3080-fig-0002){ref-type="fig"}(B). Furthermore, a characteristic feature of SF3b49 RRM1 is found in the α‐helical surface, where there is a rather hydrophobic region in the space between α1 and α2. This region appears to form a concave structure, as often seen in other RRMs.

![Solution structure of human SF3b49 RRM1. (A) Ribbon representations of SF3b49 RRM1, with views of the β‐sheet surface (left) and of the α‐helical surface (right). Only the well‐converged region ranging from Thr14 to Ala90 is presented. The β‐strands and α‐helical structures are shown in cyan and red, respectively. (B) Electrostatic‐potential surfaces of SF3b49 RRM1. Red and blue indicate negative and positive charges, respectively. The views of the left and right representations correspond to the ribbon representations shown in (A). Electrostatic potentials were calculated, and all of the structural representations were prepared with the software MOLMOL.[23](#pro3080-bib-0023){ref-type="ref"}](PRO-26-280-g002){#pro3080-fig-0002}

Interaction analysis between SF3b49 RRM1 and the SF3b145 fragment {#pro3080-sec-0004}
-----------------------------------------------------------------

RRM1 of yeast SF3b49 reportedly interacts with Cus1, which corresponds to yeast SF3b145, in two‐hybrid experiments.[11](#pro3080-bib-0011){ref-type="ref"} Another report using two‐hybrid experiments showed that yeast SF3b49 interacts with the fragment spanning residues 229--437 of yeast SF3b145, which corresponds to residues 553--788 in the human counterpart \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(C)\], but does not interact with either of the two parts into which the fragment was divided (residues 229--311 and residues 312--437).[12](#pro3080-bib-0012){ref-type="ref"} Additionally, a pull‐down assay showed that yeast SF3b49 binds to the SF3b145 fragment spanning residues 171--311.[12](#pro3080-bib-0012){ref-type="ref"} However, expression of the SF3b145 fragment spanning residues 229--311 in *Escherichia coli* was undetectable. The authors therefore suggested that the region spanning SF3b145 residues 229--311 includes a binding site of yeast SF3b49, although the peptide composed of only this region may be instable or fold incorrectly.[12](#pro3080-bib-0012){ref-type="ref"} We examined if human SF3b49 RRM1 can bind to the human SF3b145 fragment spanning residues 553--631, which corresponds to residues 229--311 in the yeast counterpart \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(C)\]. We constructed a corresponding N‐terminal GST‐tagged fragment \[termed the GST‐SF3b145(553--631) fragment\] and purified the fused protein as well as the GST protein as a control. However, we could not remove the GST tag from the GST‐SF3b145(553--631) fragment because the GST‐cleaved fragment becomes aggregated easily (data not shown). This would be consistent with the reported failure of expression of the region spanning residues 229--311 in the yeast counterpart. We then compared a series of \[^1^H,^15^N\]‐heteronuclear single quantum coherence spectroscopy (HSQC) titration spectra of ^15^N‐labeled SF3b49 RRM1 with GST with those of ^15^N‐labeled SF3b49 RRM1 with the GST‐SF3b145(553--631) fragment \[Fig. [3](#pro3080-fig-0003){ref-type="fig"}(A,B)\]. No obvious chemical shift changes were observed following the addition of GST to ^15^N‐labeled SF3b49 RRM1 \[Fig. [3](#pro3080-fig-0003){ref-type="fig"}(A)\]. In contrast, when ^15^N‐labeled SF3b49 RRM1 was titrated with the GST‐SF3b145(553--631) fragment, distinct chemical shift changes were observed \[Fig. [3](#pro3080-fig-0003){ref-type="fig"}(B)\], suggesting that human SF3b49 RRM1 interacts with the fragment of human SF3b145.

![NMR chemical shift perturbations between labeled SF3b49 RRM1 and the non‐labeled SF3b145 fragment. (A) \[^1^H,^15^N\]‐HSQC spectra of SF3b49 RRM1 in the absence or presence of GST (control). (B) \[^1^H,^15^N\]‐HSQC spectra of SF3b49 RRM1 in the absence or presence of the GST‐SF3b145(553--631) fragment. (C) \[^1^H,^15^N\]‐HSQC spectra of SF3b49 RRM1 in the absence or presence of the SF3b145(553--597) fragment. (D) \[^1^H,^15^N\]‐HSQC spectra of SF3b49 RRM1 in the absence or presence of the SF3b145(598--631) fragment. (E) Quantification of the chemical shift perturbation values of SF3b49 RRM1 on binding to the SF3b145(598--631) fragment. The perturbation values were obtained from the \[^1^H,^15^N\]‐HSQC spectrum. The absolute values of the chemical shift change Δδ (^15^N + ^1^H~N~) are shown. Δδ (^15^N + ^1^H~N~) was calculated as follows: Δδ (^15^N + ^1^H~N~) = \[(δ~15N~/6.5)^2^ + δ~1H~ ^2^\]^1/2^. Perturbation values greater than the average (0.039 ppm) plus the standard deviation (0.065 ppm) were defined as significant perturbations (i.e., the significance level is 0.104 ppm, indicated by a dotted line). Residues with significant chemical shift changes are shown. The cross‐peaks of Asp12, Trp30, Leu62, and Asn93 disappeared after the addition of the SF3b145(598--631) fragment. (F) Ribbon representation of SF3b49 RRM1 colored according to the chemical shift perturbation values of the main‐chain amides. The color is coded from white (0 ppm) to green (0.509 ppm). The side chains of the residues with significant side‐chain chemical shift perturbations on SF3b145 binding are shown in green.](PRO-26-280-g003){#pro3080-fig-0003}

To clarify the interaction region of SF3b145, we divided the fragment into two parts: a fragment spanning residues 553--597 \[termed the SF3b145(553--597) fragment\], which is part of DUF382, and a fragment spanning residues 598--631 \[the SF3b145(598--631) fragment\], which consists of part of the PSP domain and the linker region between the two domains \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(A)\]. We then titrated ^15^N‐labeled SF3b49 RRM1 with each fragment. When the SF3b145(598--631) fragment was added to ^15^N‐labeled SF3b49 RRM1, the chemical shift changes that occurred \[Fig. [3](#pro3080-fig-0003){ref-type="fig"}(D)\] were almost the same as those that occurred on the addition of the GST‐SF3b145(553--631) fragment \[Fig. [3](#pro3080-fig-0003){ref-type="fig"}(B)\]. In contrast, the addition of the SF3b145(553--597) fragment to ^15^N‐labeled SF3b49 RRM1 did not cause any obvious chemical shift changes \[Fig. [3](#pro3080-fig-0003){ref-type="fig"}(C)\]. These findings show that the region ranging from residue 598 to 631 in SF3b145 is required for interaction with SF3b49 RRM1. Additionally, mapping of the chemical shift changes on the SF3b49 RRM1 structure suggested that a hydrophobic region in the α‐helical surface is involved in the interaction with the SF3b145 fragment \[Fig. [3](#pro3080-fig-0003){ref-type="fig"}(E,F)\].

Furthermore, to confirm the interaction between SF3b49 RRM1 and the SF3b145 fragment, we prepared the ^15^N‐labeled SF3b145(598--631) fragment and performed the reverse titration experiments. In the \[^1^H,^15^N\]‐HSQC spectra of the^15^N‐labeled SF3b145(598--631) fragment alone, the ^1^H chemical shifts of these resonances were observed within a narrow range between approximately 8.0 and 8.5 ppm \[Fig. [4](#pro3080-fig-0004){ref-type="fig"}(A), red cross‐peaks\], indicating that this SF3b145 fragment predominantly adopts a random coil structure. In contrast, on addition of SF3b49 RRM1 to the ^15^N‐labeled fragment, distinct chemical shift changes were observed in the \[^1^H,^15^N\]‐HSQC spectrum \[Fig. [4](#pro3080-fig-0004){ref-type="fig"}(A)\], showing that the fragment becomes structural on its binding to the RRM domain. Within the SF3b145 fragment, the most significant chemical shift changes occurred in residues Leu609--Val621, suggesting that these residues contribute to the interaction with SF3b49 RRM1 \[Fig. [4](#pro3080-fig-0004){ref-type="fig"}(B)\]. Based on the chemical shift changes, we estimate that the exchange rate between free and bound states is in the fast--medium range in the NMR time‐scale (estimated *K* ~d~ value is nearly 50 µ*M*).

![NMR chemical shift perturbations between non‐labeled SF3b49 RRM1 and the labeled SF3b145 fragment. (A) \[^1^H,^15^N\]‐HSQC spectra of the labeled SF3b145(598--631) fragment in the absence or presence of SF3b49 RRM1. (B) Quantification of the chemical shift perturbation values of the SF3b145(598--631) fragment on binding to SF3b49 RRM1. The perturbation values were obtained from the \[^1^H,^15^N\]‐HSQC spectrum. The absolute values of the chemical shift change Δδ (^15^N + ^1^H~N~) were calculated as described in Figure 3(E). The red solid line indicates the region in which amino acid residues with significant chemical shift changes were concentrated. The cross‐peaks of Ser610 (asterisk) disappeared after the addition of SF3b49 RRM. Because the cross‐peaks of Arg600 and Lys605 and of Leu617 and Val628 (underlined) overlap, we could not calculate the chemical shift change.](PRO-26-280-g004){#pro3080-fig-0004}

NOESY measurements and docking model of SF3b49 RRM1 with the SF3b145 fragment {#pro3080-sec-0005}
-----------------------------------------------------------------------------

To obtain information about the direct interaction between SF3b49 RRM1 and the SF3b145 fragment, we obtained ^13^C‐ and ^15^N‐edited NOESY spectra for a mixture of the labeled and non‐labeled proteins. Observation of the intramolecular NOEs of the SF3b145(598--631) fragment in the presence of SF3b49 RRM1 indicate that the region spanning residues Gly607--Ser616 adopts a helical structure (Supporting Information Fig. S2). Additionally, we observed 15 intermolecular NOEs between Leu609, Glu612, and Ile615 in the SF3b145(598--631) fragment and Lys23, Leu28, Leu32, Gln35, and Tyr80 of SF3b49 RRM1 (Supporting Information Table S2). The most obvious NOEs were confirmed between the aromatic ring protons of Tyr80 of SF3b49 RRM1 and the H^γ^ protons of Glu612 and H^γ^ and H^δ^ protons of Ile615 of the SF3b145 fragment (Supporting Information Fig. S3). The formation of a helical structure within the SF3b145 fragment allows Leu609, Glu612, and Ile615 to adopt a linear arrangement. This positioning of the three residues is supported by the observed intermolecular NOEs from the three residues. These findings suggest that one side of the helical structure of the SF3b145(598--631) fragment contacts SF3b49 RRM1.

We then established a docking model based on the intermolecular NOE distance restraints (Supporting Information Table S2). The structure calculations were performed using CYANA 2.0.17.[22](#pro3080-bib-0022){ref-type="ref"} The 15 intermolecular restraints and 85 intramolecular NOEs for the SF3b145(598--631) fragment were utilized to create a model structure (Supporting Information Fig. S2 and Table S2). Because the region spanning residues Gly607--Ser616 in the SF3b145(598--631) fragment is helical, dihedral angle restraints for the φ and *ψ* angles of the residues were introduced into the structure calculations. Additionally, we assumed that the intensities of the NOEs between the consecutive amide protons, d~NN~, in this helical region correspond to a distance of 3.6 Å and that the intensities of d~αβ~(*i*, *i* + 3) correspond to 4.4 Å in the ^15^N‐ and ^13^C‐edited NOESY experiments for the labeled peptide.[24](#pro3080-bib-0024){ref-type="ref"} Based on the intensities of the sequential NOEs, we classified the intermolecular NOEs into two groups with the upper distance bounds of 4.0 Å and 5.0 Å (Supporting Information Table S2). The calculated structures were then refined in 1500‐step energy minimizations in a vacuum to avoid bad steric contacts using the AMBER9 program.[25](#pro3080-bib-0025){ref-type="ref"} An ensemble of 20 NMR conformers and a ribbon representation of the lowest energy structure are shown in Supporting Information Figure S4 and Figure 5(A), respectively. In the ensemble of 20 NMR conformers, the region spanning residues 608--616 in the SF3b145 fragment converged well against SF3b49 RRM1 (Supporting Information Fig. S4). Thus, we used the calculated structure as a model for the interaction between SF3b49 RRM1 and the SF3b145 fragment.

The modeled complex structure demonstrated that the helical structure of the SF3b145(598--631) fragment mainly binds to α1 of SF3b49 RRM1 rather than the concave between α1 and α2 \[Fig. [5](#pro3080-fig-0005){ref-type="fig"}(A)\]. This binding mode is consistent with the results of the perturbation experiments \[Fig. [5](#pro3080-fig-0005){ref-type="fig"}(B)\]. In SF3b49 RRM1, Lys23 in the β1‐α1 loop, Leu28 and Leu32 in α1, Gln35 in the α1‐β2 loop, and Tyr80 in the α2‐β4 loop are arranged in a straight line, interacting with one side of the helical structure of the SF3b145 fragment. In particular, Leu28, Leu32 in α1, and Tyr80 form a hydrophobic patch \[Fig. [5](#pro3080-fig-0005){ref-type="fig"}(C)\]. The side chain of Leu32 and the aromatic ring of Tyr80 contact the side chains of Leu609 and Ile615 in the SF3b145 fragment, respectively, and the side chain of Leu28 contacts the alkyl side chain of Glu612 \[Fig. [5](#pro3080-fig-0005){ref-type="fig"}(A)\]. Additionally, it seems likely that H^η^ of the aromatic ring of Tyr80 hydrogen‐bonds with O^ɛ^ of the side chain of Glu612, although only three of the 20 calculated structures show this interaction. Notably, the residues involved in this interaction are well conserved among various eukaryotes \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(B,C)\].

![Model structure of the complex between SF3b49 RRM1 and the SF3b145 fragment. (A) Ribbon representation of the model complex of SF3b49 (white) and the SF3b145 fragment (pink). Well‐converged regions of SF3b49 RRM1 (Thr14--Ala90) and SF3b145 (Gly607--Leu617) are shown. Residues directly involved in the interaction between SF3b49 RRM1 and the SF3b145 fragment are shown in stick models (dark gray, carbon; red, oxygen; blue, nitrogen), as described in the text. In all panels, the complex models are presented from the same view. (B) Surface representation of SF3b49 RRM1 colored according to the chemical shift perturbation values of the main‐chain amides as shown in Figure 3(F). The main chain of the SF3b145 fragment corresponding to the region Gly607--Leu617 is illustrated by a magenta wire. (C) Surface representation of SF3b49 RRM1 showing hydrophobic residues, Leu28, Leu32, and Tyr80, involved in the interaction, as described in the text. The three residues, all colored cyan, form a hydrophobic patch. (D) GST pull‐down assay of SF3b49 RRM1 and SF3b145(598‐631). The cell lysates of *E. coli* expressing wild‐type or mutant His‐tagged SF3b49 RRM1 proteins were analyzed by SDS‐PAGE to confirm the expression level of each the protein (upper panel). Each of the lysates was mixed with the cell lysate of *E. coli* expressing the GST‐tagged SF3b145(598‐631) or glutathione sepharose, and the protein fractions bound to the resin were analyzed by western blotting using an anti‐His‐tag antibody (lower panel).](PRO-26-280-g005){#pro3080-fig-0005}

Mutation analysis of SF3b49 RRM1 {#pro3080-sec-0006}
--------------------------------

According to the model structure, Leu28, Leu32, and Tyr80 in SF3b49 RRM1 directly contact the SF3b145(598--631) fragment. To confirm these contacts, we prepared three mutants of His‐tagged SF3b49 RRM1 into which Ala was introduced in one of the three residues, and performed a GST pull‐down assay against the GST‐SF3b145(598--631) fragment. The circular dichroic spectra of the mutants were similar to those of the wild‐type, showing that the mutations do not have significant effects on the structure (Supporting Information Fig. S5). Western blotting using an anti‐His‐tag antibody detected His‐tagged SF3b49 RRM1 in the purified fraction of the GST‐F3b145(598--631) fragment. This confirms that SF3b49 RRM1 associates with the SF3b145(598--631) fragment. In contrast, the replacement of Leu28 or Leu32 with an Ala residue severely abolished the detected band, and that of Tyr80 significantly decreased the band intensity \[Fig. [5](#pro3080-fig-0005){ref-type="fig"}(D)\]. These results confirm that Leu28, Leu32, and Tyr80 in SF3b49 RRM1 directly contribute to complex formation with the SF3b145 fragment.

Discussion {#pro3080-sec-0007}
==========

The present study shows that the region spanning residues Gly607--Ser616 of SF3b145 adopts a helical structure on binding to the α1 of SF3b49 RRM1 mainly via a hydrophobic interaction. All of the residues involved in this interaction are well preserved among eukaryotes \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(C)\], suggesting evolutionary conservation of this mode of interaction between SF3b49 RRM1 and the fragment of SF3b145.

In many RRMs with peptide‐binding activity, the α‐helical surface is used as a ligand‐binding site. Figure [6](#pro3080-fig-0006){ref-type="fig"} shows schematic diagrams of the relative positions of the two α‐helices in an RRM domain and a bound protein fragment that are derived from the complex structures that have been determined thus far. The RRM interaction mode can be simply classified into two types, depending on whether the concave between α1 and α2 primarily contributes to the interaction. In the ligand complex with UHM family proteins[21](#pro3080-bib-0021){ref-type="ref"} and RNPS1--Acinus,[26](#pro3080-bib-0026){ref-type="ref"} the ligand in an extended conformation binds to the concave between α1 and α2, where an invariant Trp residue of the ligand is inserted into a hydrophobic pocket formed by α1 and α2 residues. Similarly, in the complex of PTB--Raver1, instead of Trp, a pair of Leu play a similar role to that of Trp.[27](#pro3080-bib-0027){ref-type="ref"} In contrast, in the other RRM interaction mode type, each ligand peptide either crosses over both α1 and α2 (Snu17p--Bud13p),[28](#pro3080-bib-0028){ref-type="ref"} binds mainly to α2 (ALYREF--ICP27 and ALYREF--ORF57),[29](#pro3080-bib-0029){ref-type="ref"}, [30](#pro3080-bib-0030){ref-type="ref"} or binds only to α1 (Snu17p--Pml1p).[28](#pro3080-bib-0028){ref-type="ref"} Additionally, Snu17p--Bud13p, ALYREF--ICP27, and ALYREF--ORF57 each have a Trp residue that interacts with α1 residues, while Snu17p--Pml1p has Phe and Leu residues instead of a Trp residue that interact with residues of α1. Furthermore, the bound fragments of Bud13p, ICP27, and Pml1p form an extended conformation, while that of ORF57 forms a helical conformation. We found that in the complex of SF3b49 RRM1--SF3b145, the bound ligand forms a helical conformation and crosses over α1 without interacting with α2, resulting in a helix--helix interaction in almost antiparallel (Fig. [6](#pro3080-fig-0006){ref-type="fig"}). Thus, a comparison among the known RRM binding modes indicates that this interaction mode is unique to SF3b49 RRM1. This example also reflects the diversity of RRM--protein interactions. It seems likely that because various splicing factors have multiple RRM domains each binding to different proteins, the existence of such distinct binding modes for RRM domains may be effective at preventing unwanted crosstalk during the complicated interactions of protein--protein and RNA--protein that occur at various stages of the splicing process.

![Comparison of schematic diagrams of the relative positions of the two α‐helices in an RRM domain (black) and a bound protein fragment (cyan). The UHM family contains U2AF65‐SF1 \[protein data bank code: [1OPI](1OPI)\], SPF45‐SF3b155 \[PDB [2PEH](2PEH)\], U2AF35‐U2AF65 \[PDB [1JMT](1JMT)\], RBM39‐U2AF65 \[PDB [5CXT](5CXT)\], and CAPER‐SF3b155 \[PDB [4OZ0](4OZ0)\]. The left abbreviation indicates the RRM‐containing protein, and the right one indicates the bound protein. A Trp residue is indicated by the letter "W," and the other amino acid residues are shown using one‐letter codes.](PRO-26-280-g006){#pro3080-fig-0006}

The region within the SF3b145(598--631) fragment that is involved in the interaction with SF3b49 is located in the PSP domain, the function of which has remained unknown \[Fig. [1](#pro3080-fig-0001){ref-type="fig"}(A)\]. Thus, the present results are the first to show that in humans the PSP domain of SF3b145 has a protein--protein interaction site. However, it is not clear from this study if the free forms of the region spanning residues 598--631 and the PSP domain each form a stable structure. In humans, according to the Pfam database, only two PSP domains have been found: one in SF3b145 and one in the Zinc finger CCHC domain‐containing protein 8 (ZCCHC8). Given that ZCCHC8 is thought to be a spliceosome‐associated protein, PSP domains may be generally related to protein--protein interactions during the splicing process.

It was reported that Vpr, an accessory gene product of human immunodeficiency virus type 1 (HIV‐1), associates with SF3b145.[31](#pro3080-bib-0031){ref-type="ref"}, [32](#pro3080-bib-0032){ref-type="ref"} Vpr interferes with the formation of the SF3b49--SF3b145 complex and inhibits the splicing of cellular pre‐mRNA, therefore having multiple biological influences on both viral and cellular proliferation. In light of our results, a potential candidate for the Vpr‐binding site is a region in the SF3b145 PSP domain that includes residues 598--631 because Vpr binding here could mask the site of interaction with SF3b49 RRM1.

The structure of a yeast‐activated spliceosome including the U2 snRNP was very recently determined by cryo‐electron microscopy. Although the electron density of Hsh49 (yeast orthologue of SF3b49) is so weak in the EM structure that there is no available information on the detailed molecular interactions, the RRM1 of Hsh49 obviously interacts with Cus1.[33](#pro3080-bib-0033){ref-type="ref"} There appears to be a helix--helix interaction between the RRM1 and Cus1, which is consistent with the result obtained in our present study. Additionally, the low binding affinity between SF3b49 RRM1 and the SF3b145 fragment may be related to the weak electron density of Hsh49. In fact, a similar weak binding affinity between structural domains is found in some spliceosomal protein complexes with dynamic properties. For example, the third RRM of RBM39 and the fragment of U2AF65, components of splicing machinery, showed a *K* ~d~ value of ∼20 µ*M*.

SF3b49 RRM1 is clearly involved in a type of protein‐binding, but this structural study cannot rule out the possibility that the RRM1 can also bind to some RNA because the SF3b49 RRM1 has a structural feature typical of RNA‐binding capacity. The β‐sheet surface of SF3b49 RRM1 has both negatively and positively charged clusters around the hydrophobic patch formed by the two well‐conserved aromatic amino acid residues on β1 and β3 \[Tyr16 and Phe58 in the RNP motifs, Fig. [1](#pro3080-fig-0001){ref-type="fig"}(B)\].[13](#pro3080-bib-0013){ref-type="ref"} It is possible that the RNA‐binding activity of RRM1 is exhibited only in the complex form of two RRM domains that arises at a stage during the conformational changes of SF3b49 that occur in the course of the splicing process. Further studies will be required to obtain a comprehensive understanding of the roles of the SF3b49 RRM domains.

Materials and Methods {#pro3080-sec-0008}
=====================

Protein expression and purification {#pro3080-sec-0009}
-----------------------------------

For structure determination, the DNA encoding the RRM1 (Pro5--Leu96) of human SF3b49 (GenBank: BAD97042.1) was subcloned by PCR from the human cDNA clone with the ID RIKEN cDNA hss001003928. Note that the amino acid sequence of the expressed RRM protein differs only in position 75 (Asn vs. Asp) from that of the protein of SwissProt accession no. Q15427. The changed position is located at the C‐terminal end of α2, which is located in a side nearly opposite from the interaction site in the helical region.

The DNA fragment was cloned into the expression vector pCR2.1 (Invitrogen, Carlsbad, CA) as a fusion with an N‐terminal native His affinity tag and a TEV protease cleavage site. The ^15^N, ^13^C ‐labeled fusion protein was synthesized using a cell‐free protein expression system from *E. coli*.[34](#pro3080-bib-0034){ref-type="ref"}, [35](#pro3080-bib-0035){ref-type="ref"} The resulting tagged protein was purified by a 5‐ml His Trap column (GE Healthcare, Little Chalfont, Buckinghamshire, UK) with an imidazole gradient from 12 to 500 m*M*. After tag removal, the tag‐free protein was further purified by HiTrap SP and HiTrap Q column chromatography (GE Healthcare).

For the NMR titration experiments and the pull‐down assay, the RRM1 (Pro5--Leu96) of human SF3b49 was cloned into the *Nde I/Bam HI* sites of pET‐15b (Novagen). Each of the fragments of SF3b145 (Q13435, 553--631, and 598--631), was cloned into the *Eco RI/Sal I* sites of pGEX6P‐1 (GE Healthcare). In all constructs, a TEV protease cleavage site was placed between the tag and the protein sequences. *E. coli* strain BL21 (DE3) cells with the recombinant plasmids were grown at 37°C in LB medium supplemented with 50 mg/L of ampicillin for the non‐labeled samples and in modified minimal medium[36](#pro3080-bib-0036){ref-type="ref"} supplemented with 50 mg/L ampicillin for the ^15^N, ^13^C‐labeled samples. After isopropyl β‐D‐1‐thiogalactopyranoside induction (1 m*M*), the harvested cells were lyzed, and the lysates were applied to a His Accept column (Nacalai Tesque) or a Glutathione Sepharose 4 Fast Flow column (GE Healthcare) eluted by the addition of imidazole or glutathione. The tag‐free SF3b49 RRM1 was further purified by RESOURCE Q column chromatography (GE Healthcare). The GST‐tagged SF3b145(553--631) and the tag‐free SF3b145(598--631) were further purified by gel‐filtration column chromatography (GE Healthcare). The peptides corresponding to the two non‐labeled SF3b145 fragments \[SF3b145(553--597) and SF3b145(598--631)\] were purchased from Toray Research Center.

NMR spectroscopy and resonance assignments {#pro3080-sec-0010}
------------------------------------------

The NMR samples were concentrated to approximately 1.0 m*M* in 20 m*M d11*‐Tris‐HCl buffer (pH 7.0), containing 100 m*M* NaCl, 1 m*M* 1,4‐*[dl]{.smallcaps}*‐dithiothreitol‐*d* ~10~ (*d*‐DTT), and 0.02% NaN~3~ (in 90% H~2~O/10% D~2~O), using an Amicon Ultra‐15 (5000 MWCO; Millipore). NMR experiments were performed at 25°C on 700 and 800 MHz spectrometers (Bruker AV700 and AV800) equipped with *xyz*‐pulsed field gradients. Backbone and side‐chain assignments were obtained by standard triple resonance experiments.[37](#pro3080-bib-0037){ref-type="ref"} All assignments were checked for consistency with three‐dimensional ^15^N‐ and ^13^C‐edited NOESY‐HSQC spectra. Three‐dimensional NOESY spectra were recorded with mixing times of 80--150 ms. The NMR data were processed with the program NMRPipe.[38](#pro3080-bib-0038){ref-type="ref"} Spectra were analyzed with the programs NMRView,[39](#pro3080-bib-0039){ref-type="ref"} KUJIRA,[40](#pro3080-bib-0040){ref-type="ref"} and SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco, CA).

Structure calculations {#pro3080-sec-0011}
----------------------

The three‐dimensional structure was determined by combined automated NOESY cross‐peak assignment[41](#pro3080-bib-0041){ref-type="ref"} and structure calculations with torsion angle dynamics[42](#pro3080-bib-0042){ref-type="ref"} implemented in the program CYANA 2.0.17.[22](#pro3080-bib-0022){ref-type="ref"} Dihedral angle constraints for φ and *ψ* were obtained from the main‐chain and ^13^C^α^ chemical shift values using the program TALOS (torsion angle likelihood obtained from shift and sequence similarity),[43](#pro3080-bib-0043){ref-type="ref"} and by analyzing the NOESY spectra. Structure calculations started from 100 randomized conformers and used the standard CYANA simulated annealing schedule[42](#pro3080-bib-0042){ref-type="ref"} with 20,000 torsion angle dynamic steps per conformer. The 20 conformers with the lowest overall energy were subjected to restrained energy refinement with the program AMBER9, using the Generalized Born model.[25](#pro3080-bib-0025){ref-type="ref"} PROCHECK‐NMR was used to validate the final structures.[44](#pro3080-bib-0044){ref-type="ref"} Structure figures were prepared with the program MOLMOL.[23](#pro3080-bib-0023){ref-type="ref"}

NMR titration experiments {#pro3080-sec-0012}
-------------------------

For the chemical shift titration experiments, GST‐SF3b145(553--631) was dissolved in the same buffer as the SF3b49 RRM1 sample to a concentration of 1 m*M*, and each of the two non‐labeled SF3b145 fragments, SF3b145(553--597) and SF3b145(598--631), was dissolved to a concentration of 5 m*M*. The SF3b145(553--597) fragment often precipitated in the buffer utilized for the structure determination of SF3b49 RRMs. Thus, we added choline‐*O*‐sulfate \[2‐(trimethylammonio)ethyl sulfate, COS\] to each of the solutions to achieve a final concentration of 250 m*M* for protein solubilization and stabilization.[45](#pro3080-bib-0045){ref-type="ref"}, [46](#pro3080-bib-0046){ref-type="ref"} Two‐dimensional \[^1^H,^15^N\]‐HSQC spectra were recorded while increasing the concentrations of the GST‐fused protein or of each of the SF3b145 fragments relative to that of SF3b49 RRM1 (0.2 m*M*) to a final ratio of 1:2 of SF3b49 RRM1:GST‐fused protein or each of the fragments. The chemical shift titration experiments between the ^15^N‐labeled SF3b145(598--631) fragment and the non‐labeled SF3b49 RRM1 were performed in the same way, except for the number of increments of the titrations.

Intermolecular NOE between SF3b49 RRM1 and the SF3b145(598--631) fragment {#pro3080-sec-0013}
-------------------------------------------------------------------------

We prepared ^13^C‐ and ^15^N‐labeled SF3b145(598--631) and measured the ^13^C‐ and ^15^N‐filtered NOESY spectra in the presence of the non‐labeled SF3b49 RRM1 \[2.0:1.0 molar ratio of SF3b49 RRM1:SF3b145(598--631)\]. Simultaneously, we performed the NOESY experiment with the ^13^C‐ and ^15^N‐labeled SF3b49 RRM1 and non‐labeled SF3b145(598--631) to identity the intermolecular NOEs \[1.0:2.0 molar ratio of SF3b49 RRM1:SF3b145(598--631)\].

Pull‐down assay and immunoblotting {#pro3080-sec-0014}
----------------------------------

His‐tagged SF3b49 RRM1 and the GST‐tagged SF3b145(598--631) fragment were expressed in *E. coli* cells, as described above. Cell lysates at volumes of 200 µL and 1 mL containing SF3b49 RRM1 and the SF3b145(598--631) fragment, respectively, were mixed, to which 25 µL of the glutathione sepharose resin was added. The resultant mixture was incubated for 30 min at 4°C, and then the resin was washed five times with PBS containing 0.05% Nonidet P‐40 (Nacalai Tesque). The proteins bound to the resin were analyzed by SDS‐PAGE and transferred to a PVDF membrane (Bio‐Rad). His‐tagged proteins were immunoblotted by Anti‐His‐tag mAb‐HRP‐DirecT (MBL). The protein was visualized using ImageQuant LAS‐4000 (GE Healthcare).

Accession codes {#pro3080-sec-0015}
---------------

The atomic coordinates for the ensemble of 20 energy‐refined NMR conformers that represent the solution structures of the first RRM of SF3b49 have been deposited in the Protein Data Bank with accession code PDB [5GVQ](5GVQ).
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